The macrolide antibiotic erythromycin A is produced by the gram-positive filamentous bacterium Saccharopolyspora erythraea (formerly Streptomyces erythraeus [32] ), starting from simple fatty acyl-coenzyme A (CoA) precursors. The biosynthesis of erythromycin and other polyketides shows important similarities (25) to the more familiar process of fatty acid biosynthesis, and this has led to renewed interest in the structure, organization, and mechanism of action of fatty acid synthase in S. erythraea and in Streptomyces spp. Initial reports indicated that S. erythraea (39) and Streptomyces coelicolor (17) might contain a type I fatty acid synthase complex like that of Mycobacterium smegmatis (9) , Brevibacterium ammoniagenes (30) , or Saccharomyces cerevisiae (43, 48) , in which multifun.ctional polypeptides are tightly associated in a complex of high molecular weight. More recently, a small discrete acyl carrier protein (ACP) has been identified and purified from S. erythraea (21) on the basis of its ability to stimulate the incorporation of malonylCoA into acyl-ACP in a cell-free system. This implies that the fatty acid synthase of S. erythraea may be patterned on the type II system found generally in prokaryotes, consisting of freely dissociable, monofunctional enzyme components. The best-studied system of this kind is that of Escherichia coli (see reference 52 for a recent review), but a discrete ACP is also apparently involved in fatty acid synthase from gram-positive bacteria more closely related to S. erythraea (1, 27) and which, like S. erythraea, characteristically produce iso-and anteiso-terminally branched fatty acids. Alternatively, there may exist more than one type of fatty acid synthase activity, as in Euglena gracilis (13) . The recent (11) finding that the erythromycin-producing polyketide synthase of S. erythraea is a multifunctional complex resembling a type I fatty acid synthase has also prompted further exami-* Corresponding author. nation of the subunit structure of the S. erythraea fatty acid synthase.
In this paper, we report the cloning and characterization of the structural gene for the ACP purified previously from S. erythraea, which has given further insight into the organization of the putative synthase. Electrospray mass spectrometry (16, 22) is shown to provide a powerful and convenient means of monitoring the correct posttranslational modification of the S. erythraea ACP when expressed in a heterologous bacterial host.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. S. erythraea NRRL 2338, obtained from the Northern Regional Research Laboratories, Peoria, Ill., was maintained in Ml-102 agar medium and grown in M1-102 medium at 30°C (28 HCl buffer (pH 8.0)-0.1 mM EDTA and subcloned into M13mp18, and the inserts in several clones were sequenced.
The ACP gene was excised from one of these clones as a 414-bp NdeI-EcoRI fragment and ligated into pT7-7 to give the expression plasmid pFEX-1 (see Fig. 3 ).
For (Fig. 2b) .
The ACP gene encodes a protein of 95 amino acids, with a predicted molecular mass of 10,422.7 Da. A comparison of the amino acid sequence of the S. erythraea ACP with that of E. coli fatty acid synthase ACP (51) and with the ACP domains in one of the S. erythraea erythronolide synthase subunits (11) is shown in Fig. 2a . The site of attachment of the 4'-phosphopantetheine prosthetic group is predicted to be serine 39 (corresponding to serine 36 in E. coli ACP [51] 
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Sequence comparison of S. erythraea putative fatty acid synthase ACP and p-ketoacyl-ACP synthase active-site residues with known fatty acid and polyketide synthases. (a) Alignment of the deduced amino acid sequence of the S. erythraea ACP (Ser ACP) with the E. coli fatty acid synthase ACP (Eco ACP; residues 28 to 47 [51] ) and two of the ACP domains of the erythromycin synthase complex (residues 1428 to 1447 and 2858 to 2874) from S. erythraea (Ser PKS1 and PKS2 [11] which lies in a region in which 17 of 21 consecutive residues are identical between E. coli and S. erythraea. With no gaps required for their alignment, the two sequences show an overall degree of homology of 40%. If similar amino acids are considered, the degree of homology increases to 64%. The S. erythraea ACP shows about 25% homology to each of two ACP domains from the S. erythraea polyketide synthase.
Expression of the S. erythraea ACP gene in E. coli. Expression of the S. erythraea ACP gene in E. coli was accomplished by using the T7 dual plasmid system developed by Tabor and coworkers (49, 50 ). An expression plasmid was constructed for the S. erythraea ACP gene by the strategy described in Materials and Methods and outlined in Fig. 3 (49, 50) . rbs, ribosome binding site.
the NdeI and EcoRI sites of pT7-7, which placed the ACP gene downstream of the T7 promoter, at an optimal spacing from an efficient ribosome binding site. The resulting expression plasmid (pFEX-1) was used to transform E. coli K38 containing plasmid pGPl-2 (50), which carries the structural gene for T7 RNA polymerase under the control of a temperature-sensitive repressor. SDS-PAGE was used to monitor the expression of S. erythraea ACP in E. coli K38 pGP1-2/ pFEX-1 after heat induction. Typical results are shown in Fig. 4 . Under these conditions, the S. erythraea ACP was obtained as a wholly soluble protein. The N-terminal amino acid sequence of the ACP, which represented at least 10% of total cell protein after induction, was determined after SDS-PAGE (33) by transfer to a polyvinylidene difluoride membrane and direct automated sequencing of the stained blot (35) . The single sequence obtained matches the expected sequence for the first 38 residues, with no evidence for any posttranslational removal of the N-terminal methionine residue (23) . At position 39, the expected site of attachment of the prosthetic group, an unidentified residue was found, removal of which caused a very large drop in signal.
Purification and characterization of S. erythraea ACP expressed in E. coli. The purification procedure developed previously by Hale et al. (21) (21) , so the close similarity in primary structure evidently gives rise to a very similar three-dimensional structure. Expression of the S. erythraea ACP gene in E. coli gave an enzymatically active protein, indicating that the S. erythraea ACP is a substrate for the E. coli (holo)-ACP synthetase, which transfers the 4'-phosphopantetheine prosthetic group from CoA to the ACP. This is further evidence of the relatively broad substrate specificity of the synthetase (4, 5, 37) .
We have measured the proportion of ACP present in the holo form by using the new technique of electrospray mass spectrometry (16, 22) to determine the exact mass of each component. The electrospray technique is direct, simple, and extremely sensitive; it has already been used to monitor the in vivo posttranslational modification of isopenicillin N synthetase (cyclase) (2) and of lipoyl domains of Bacillus stearothermophilus pyruvate dehydrogenase (12) and to study the thioesterase activity associated with both fatty acid synthase (54) and the erythromycin-producing polyketide synthase (10) . Encouragingly, the experimentally determined values for the ACP were within one mass unit of those predicted from the sequence of the gene. The retention of the N-terminal methionine residue is consistent with the findings of Hirel et al. (23) . The relative peak sizes in the mass spectrum indicated that approximately 70% of the total ACP was present as holo-ACP, the rest being apo-enzyme. The response factors of the two forms of ACP are expected to be identical, given their structural similarity and the fact that under the conditions used for the analysis they contain identical numbers of chargeable groups. In agreement with this conclusion, direct measurement of the relative concentrations of apo-and holo-ACPs after HPLC separation also showed that about 70% of the ACP was present as holo-ACP in these preparations. In one preparation of ACP, in which 2-mercaptoethanol had been used during the purification, evidence was obtained that some of the holo-ACP had formed a disulfide link with the 2-mercaptoethanol. We have also used electrospray mass spectrometry to characterize, in some detail, the acyl-ACP products of the potential S. erythraea fatty acid synthase. The results of these experiments will be presented elsewhere (8a). Spinach ACP-I, when expressed in E. coli, accumulates to a large extent (50%) as the 18:1A11(cis) thioester (19) . The possibility cannot be excluded that a small proportion of the S. erythraea ACP is similarly modified but is separated from unacylated ACP during the purification procedure.
The nucleotide sequence analysis also provided evidence that the ACP gene is clustered together with at least one other gene that would be required for fatty acid biosynthesis, that for a P-ketoacyl-ACP synthase, although the exact size of this gene has not yet been established. The start codon for the latter gene overlaps the stop codon for the ACP, an arrangement that would permit translational coupling between the two genes (20) , but detailed transcriptional analysis will be required to confirm this possibility. A portion of the P-ketoacyl-ACP synthase sequence containing the active-site cysteine is shown in Fig. 2b , together with the corresponding active-site sequences from known fatty acid and polyketide synthases. Experiments are in progress to define the exact extent of the putative fatty acid synthase gene cluster in S. erythraea. It will be of considerable interest to compare the S. erythraea gene arrangement with that of a recently characterized gene cluster for E. coli fatty acid synthase (25) . Although the S. erythraea ACP has the catalytic activity expected of a component of the fatty acid synthase, it remains unclear whether or not this is its physiological role. However, it will now be possible to carry out specific disruption of the genes identified here to provide the answer to that question.
